The tryptophan (trp) operon of Escherichia coli has become the basic reference structure for studies on tryptophan metabolism. Within the past five years the application of recombinant DNA and sequencing methodologies has permitted the characterization of the structural and functional elements in this gene cluster at the molecular level. In this summary report we present the complete nucleotide sequence for the five structural genes of the trp operon of E. coli together with the internal and flanking regions of regulatory information.
I. INTRODUCTION AND OPERON ORGANIZATION
The pathway of tryptophan biosynthesis was the subject of some of the earliest studies with biochemical mutants of micro-organisms. Insight gained in these investigations provided the foundation for extensive genetic and biochemical analyses that established the genes, enzymes and reactions of tryptophan biosynthesis as favored subjects for study. Over the years the tryptophan system has been used to investigate virtually every aspect of amino acid metabolism, gene and operon structure, and gene function.
A schematic representation of the trp operon is given in Figure 1 , with the regulatory region preceding the first structural gene expanded below.
Within the promoter region (trp p_) is an operator site (trp o_) at which a tryptophan-activated repressor protein can bind and regulate transcription initiation (1, 2) . Beyond the transcription initiation site a transcribed leader region (trpL) of 162bp contains a regulated site of transcription termination, the attenuator (trp a) (3) . Transcription into the five structural genes may therefore be regulated at both the operator and attenuator sites (4)(see below). Those RNA polymerase molecules that transcribe through the attenuator (depending on metabolic conditions) generally continue to the end of the operon. The full-length polycistronic trp mRNA encoding the five trp polypeptides (5) length. Rho-dependent transcription termination occurs in the region following the last gene, trpA (6) . In the following sections we will discuss the nucleotide sequence of the operon in the context of structurally significant features and biologically important functions.
A. Regulatory regions 1. The major promoter and operator regions: The sequence of the promoter-operator segment of the operon is presented in Figure 2 .
Methylation-protection studies with the near-identical promoter-operator region of Salmonella typhimurium have identified sites of close contact between RNA polymerase and promoter, and trp repressor and operator (7) .
Mutational analyses (1, 8, 9) summarized in the figure support the conclusion that the -35 and -10 regions of the promoter play key roles in polymerase recognition. Binding-protection studies using promoter DNA and various restriction enzymes also establish the importance of the -35 and -10 regions to polymerase binding (9, 10) . The TA base pair at -8 in particular appears to be essential for efficient initiation (9) . Some mutational changes in the promoter region have little or no effect on promoter function, e.g., none of the operator constitutive mutations listed in the figure, except TA-+CG at position 13, alters promoter efficiency. Deletion analyses indicate that the region on the transcribed side of -5 may be replaced without appreciably affecting promoter function. Deletions extending to -8, however, essentially eliminate promoter activity unless a TA base pair is introduced at bp -7 or -8 (9) . The sequence of the -35 region of the trp promoter is conserved in several enteric species and resembles closely the consensus prokaryotic -35 sequence (11) . The -10 region of the promoter also is highly conserved, however this region of the trp promoter -also a segment of trp £ -does not resemble the consensus -10 promoter sequence (12) .
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The repressor-binding site, the 20 bp receding the transcription start site, is clearly within the promoter (2) , explaining the in vitro observation that trp repressor and RNA polymerase binding are mutually exclusive (13) .
The sequence of the operator region is highly conserved in other enterobacterial trp operons. Binding sites for the trp repressor also exist in the aroH (2, 12) and trpR promoters (2, 14) of E. coli; ten of the 18 bp in the operators of these three operons are invariant (2).
2. The minor internal promoter: A secondary promoter, trp p2, in the distal portion of trpD, is responsible for 60-80% of the basal levels of distal gene products (trpC, trpB, and trpA polypeptides) produced when E.
coli is grown with excess tryptophan, i.e. under conditions of maximum repression (15) . A comparison of the nucleotide sequence of the trp p2 region to the consensus promoter sequence of 12. coli ( Figure 3 ) raises some interesting questions (16) . The best match overall between trp p2 and the canonical region eliminates what is generally regarded as the "invariant T"
of the Pribnow box, but shifting register by two nucleotides to regain a T in this position substantially reduces the consensus alignment. The location of the 5 1 end of the transcript does not help to discriminate between the two possibilities (16) . It is noteworthy that the codon changes necessary to improve homology would have severe consequences for the polypeptide itself, and that translation across this region must already accommodate a series of codons that are rarely used in ji. coli (16, 17) . We believe that these observations reflect the dual constraints of amino acid sequence requirement and promoter function on the sequence of this site.
The function of trp p2 in vivo has been postulated to be a mechanism to aid the cell if it encounters a rapid shift from an environment with plentiful tryptophan to one of severe tryptophan starvation (16, 18) . The appreciable levels of trpC, trpB and trpA polypeptides in cells grown with excess tryptophan, and d_e novo synthesis of the tryptophan-deficient trpE and tryptophan-poor trpD polypeptides when cells are shifted to a tryptophan-free medium, would allow the bacterium to recover quickly from a decreased capacity to synthesize the amino acid. The precise physiological importance of trp p2 remains unknown, but its preservation among numerous species of enteric bacteria (19) argues that its function may be an important one.
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TTGACA TATAATG TRP PI CCGTGACATTTTAACACGTTTGTTACAAGGTAAAGGCGACG*
3156
T A T A A T G -10 Figure 3 . Minor internal promoter, trp p2. Numbers are nucleotide positions in the trpD segment of the operon. The arrow represents the start-point of transcription from trp p2 in v i t r o . Consensus sequences for the -35 and -10 regions are shown (there are two a l t e r n a t i v e s for the -10 region -see t e x t ) .
3. Leader-attenuator: The trp operon of E. coli is typical of many amino acid biosynthetic operons in being regulated by attenuation-transcription termination control at a site preceding the major structural genes of the operon (3). The leader region of the trp operon ( Figure 4 ) encodes a 14-residue peptide with adjacent tryptophan residues at positions 11 and 12 (3) . Gene fusion studies have shown that translation initiation does occur at the leader peptide start codon j^n vivo (20, 21) , but efforts to isolate and identify the peptide have been unsuccessful. The transcript of the leader region can form alternate secondary structures ( Figure 4 ) (3, 22, 23) which are believed to determine whether transcription terminates or continues through the attenuator.
Models of attenuation are based on the premise that one particular secondary structure (C, Figure 4 ) signals transcription termination (3, 23, 24, 25) . If tryptophan is abundant, translation of the leader peptide coding region will be closely coupled to transcription of the leader segment of the operon. The translating ribosome will prevent formation of the proximal Figure 4 . The leader region of the trp operon (transcript-equivalent strand) and the amino acid sequence of the putative leader peptide. The three alternative RNA secondary structures that are believed to form are drawn below the sequence. secondary structures (A) and (B), permitting (C), and thus termination. When the cell is starved for tryptophan, however, the translating ribosome will stall at one of the tandem Trp codons, preventing formation of structure (A) but permitting alternate structure (B) to form. This will preclude formation of structure (C), and polymerase will transcribe through the attenuator site into the structural genes.
If the ribosome fails to initiate translation soon after transcription has occurred , e.g., due to a deficiency of fMet-tRNA, structure (A) would form, and hence structure (C). Under these conditions termination would be expected to be maximal. In fact, when cells cannot initiate synthesis of the leader peptide, termination is 5-fold greater than when they have an adequate supply of tryptophan (25, 26) . Thus ribosome location on the leader segment of the transcript while this segment is being synthesized determines the secondary structure of the transcript. This in turn directs the transcribing RNA polymerase to terminate or to continue transcription. Figure   5 ) (31). The 3' terminal sequence CAUUUU_ is immediately preceded by a GC-rich region of dyad symmetry in the template, which allows formation of the RNA hairpin characteristic of most prokaryotic terminators (11) .
Termination in this region can be affected by lesions in RNA polymerase, rho factor, and in DNA itself (6, (32) (33) (34) (35) . Analysis of mutations of the latter class gave surprising results -several deletions which relieved termination had endpoints that were distal to the point corresponding to the normal 3 1 end of the transcript (33).
Transcription studies jji vitro revealed that upon addition of rho factor, polymerase terminates at a second site, trp t/ , located about 250 nucleotides downstream from the first ( Figure 5 ) (34). This site resides in a region of the genome removed by all eight of the distal deletions that have been Although the responses of the two sites are qualitatively different in vitro (34), both appear to be required for correct function rn vivo . The primary structure of the trp t/ region ( Figure 5 ) is also highly unusual, bearing little similarity to a normal termination site. Although it is very AT-rich, it is notable for its lack of other defining features, in particular the absence of significant symmetry elements. Enhanced efficiency and specificity of termination at trp t_' is observed when rho i s used in the presence of nusA protein (6) , but the contribution of this l a t t e r factor i s only beginning to be studied. It seems likely that control of transcription termination a t the end of the operon is more i n t r i c a t e than previously thought.
B. Structural genes and punctuation 1. The coding region for the five polypeptides: The nucleotide sequences of the 5 s t r u c t u r a l genes of the operon (18, (36) (37) (38) (39) (40) and their i n t e r c i s t r o n i c regions are presented in Figure 6 . The deduced amino acid sequences are also indicated in the figure. [Codon usage in the 5 structural genes and amino acid sequence comparisons are discussed in section I I ] . The five structural genes of the operon code for two bifunctional polypeptides and two pairs of polypeptides that form tetrameric enzyme complexes. The bifunctional trpD polypeptide consists of a glutamine amidotransferase domain, designated the trpG portion by analogy to the monofunctional trpG polypeptide of other organisms, followed by an anthranilate phosphoribosy1 transferase or trpD domain ( Figure 1 ) (41, 42). Similarly the trpC polypeptide has two domains, the amino terminal half corresponding to the monofunctional trpC polypeptide of other organisms and catalyzing the indole-3-glycerol phosphate synthetase reaction, and the d i s t a l half analogous to trpF polypeptides and catalyzing the isomerization of phosphoribosylanthranilate (42-44). The trpE and trpD polypeptides form a tetrameric functional complex (45,46) that catalyzes the reactions: chorismate + glutamine ->. anthranilate and anthranilate + PRPP •* phosphoribosylanthranilate. The trpB and trpA polypeptides similarly are components of an ao Bo c o m p l e x that catalyzes the reaction: -tryptophan (47, 48) . The order of the s t r u c t u r a l genes and their domain-encoding segments resembles the sequential order of the functions of the corresponding polypeptide domains in tryptophan synthesis with the exceptions that the trpC region precedes the trpF region, and trpB precedes trpA. It i s not known whether trp £2 might be responsible for the gene order that has evolved in the enteric bacteria.
Ribosome binding sites and i n t e r c i s t r o n i c regions:
The six known ribosome binding s i t e s in the operon are i l l u s t r a t e d in Figure 7 . In a l l cases the i n i t i a t i n g AUG codon i s immediately preceded by a pyrimidine-purine pair, and a l l possess a purine rich sequence complementary to the 3' end of 16S rRNA, as expected. However, these regions are more extensive than TYR GLY  430  440  450  1520  1530  1540  1550  1560  1570  1580  1590  1600  GGC GCG GTA GGT TAT TTC ACC GCG CAT GGC GAT CTC GAC ACC TGC ATT GTG ATC CGC TCG GCG CTG GTG GAA AAC GGT ATC GCC ACC GIG  GLY ALA VAL GLY TVR PHE THR ALA HIS GLY ASP LEU ASP THR CYS ILE VAL ILE ARG SER ALA LEU VAL GLU ASN GLY ILE ALA THR VAL  460  470  480  1610  1620  1630  1640  1650  1660  1670  1680  1690  CAA GCG GGT GCT GGT GTA GTC CTT GAT TCT GTT CCG CAG TCG GAA GCC GAC GAA occurs four to seven nucleotides before the i n i t i a t o r codon, and only 3 out of 36 nucleotides in the six s i t e s d i f f e r from t h i s p a t t e r n ( 4 9 ) . The extent of s t r i c t b a s e -p a i r i n g between mRNA and rRNA would vary over a wide range among these s i t e s , but other factors including t r a n s l a t i o n of the preceding The four i n t e r c i s t r o n i c regions in the polycistronic trp mRNA are also shown in Figure 7 , and display some unusual features. Two of them consist of a chain termination codon that overlaps the subsequent i n i t i a t o r codon by one ALA ILE GLY MET  220  230  240  5410  5420  5430  5440  5450  5460  5470  5460 ALA PRO  250  260  270  5500  5510  5520  5530  5540  5550  5560  5570  5S80  CTA AAA ILE  260  290  300  5590  5600  5610  5620  5630  5640  5650  5660 the proportional use of particular codons; that is, in cases where more than one codon specifies a particular amino acid, the relative frequency of usage of each codon is given. There is considerable consistency in the proportional use of each codon throughout the operon. Although every sense codon is used at least once somewhere in the structural sequence, the usage Figure 7 . Ribosome binding s i t e s and i n t e r c i s t r o n i c regions. I n i t i a t o r and stop codons are boxed; Shine-Dalgarno sequences are underlined. A computer search for repeated sequences within the trp operon revealed no evidence for an ancestral duplication of any segment of the operon during its evolution (Deeley, M., unpublished) . This result is not wholly C. Gene and operon organization in other organisms the general plan of the trp operon appears to be identical in all enteric bacteria. In some, however, the two functionally distinct segments of the trpD gene are separate rather than fused as in E_. coli (19) . The mechanism of this fusion has been postulated from a comparison of the DNA sequence in this region of the £. marcescens and E. coli trp operons (55). The trpC gene of E. coli and all other enteric bacteria studied apparently represents a fusion of two genes that are separate in other procaryotic organisms (56, 57) , though the precise location and mechanism of fusion is not known.
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Enzymatic studies suggest that in both fused genes just described the two active sites have remained distinct and independent. In two instances this proteins were obtained (60) . In the trpA case there was no requirement that these hybrids be enzymatically functional. Nevertheless, each of six such recombinants examined possessed normal enzymatic activity, though each had a different crossover point from the sequence of one organism to the other.
The hybrids differed from either parental protein in 6 to 34 amino acids.
Several of the recombinant proteins were less thermostable than either parental molecule. Thus, though none of the divergent amino acids appears to affect the active site, it can be argued that in each parent some of the amino acid differences are balanced by others far away in the primary sequence to obtain a more stable overall conformation.
III. PROBLEMS FOR THE FUTURE
The ease with which structural genes can now be cloned, fragmented, and fused to other genes or gene fragments, should make it possible to fabricate virtually any desired gene sequence by combining preexisting DNA segments.
This application of recombinant DNA technology, combined with the additional capability of synthesizing and incorporating short DNA fragments of defined sequence, challenge our ingenuityi in the design of meaningful experiments.
A. Protein structure studies Modifications of the trp promoter and leader to yield a fixed, low level of expression could be introduced, of course, but the magnitude of a selective burden, even though compensated for by a derepression of some magnitude, might best be measured by competition against the wild type in chemostat experiments under several growth conditions. Some of the features that could be tested for evolutionary significance in this manner are: the value of trp p2, the trpG-trpD fusion, the trpC-trpF fusion, the ability of heterologous subunits of anthranilate synthetase and tryptophan synthetase to substitute for homologous ones, the advantage of a particular transcription termination sequence at the end of the operon, the selective advantage of specific codon usage, and many others. If a modification, such as translational punctuation between the trpG and trpD domains, is found to be deleterious, stepwise selection for better function may retrace the presently hypothetical evolutionary pathway culminating in a gene fusion.
Going further afield, the trp genes of non-enteric organisms offer many unexpected examples of evolutionary diversity. The level of expression of trpB and trpA in Pseudomonas aeruginosa and Pseudomonas putida is regulated over a wide range, as in J[. coli, but control is through induction by indoleglycerol phosphate rather than repression by tryptophan (56). As it is now known that the regulatory mechanism for this Pseudomonas gene pair is closely linked to the two structural genes and can be mobilized with it (60, 61) , introduction of this unit into an E. coli strain deleted for trpB and trpA could provide a test of the superiority of one or the other of these contrasting regulatory mechanisms in E_. coli. 
